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Abstract 
Nowadays, air pollution is a major environmental concern. Phenomena such as global warming, acid rain, 
depletion of the ozone layer and photochemical smog are directly related to increased anthropic air pollution. At 
present, the vehicular emission is one of the most important sources of air pollution. The increasing use of 
automobiles by modern society is leading to an increase of pollutant emissions, thus creating serious problems for the 
public health in the urban centers. In Brazil, there is a program that encourages large-scale use of Vehicular Natural 
Gas (VNG). Due to this program, there are over than 1.5 million VNG-powered vehicles in Brazil. This fuel is 
composed mainly by methane (about 90%) and it is considered to be the fuel that causes less environmental damage, 
especially if compared with gasoline or diesel oil. However, due to the remarkable increase in the use of VNG 
powered vehicles in Brazil, it has been necessary to better understand the environmental impacts caused by the 
burning of this fuel. In this work, electrochemical detectors were used to measure emissions of CO, NOx and SO2, 
whereas CO2 Laser-based Photo acoustic Spectroscopy was employed to the study of ethylene (C2H4) emitted by 
VNG-powered vehicles. Measurements were performed in the exhaust of VNG-powered taxis in the state of Rio de 
Janeiro. We could notice that most of the VNG vehicles emit CO, NOx, SO2 and C2H4 in the ppmV range. This issue 
varied with the vehicle conditions of maintenance, as well as with its age, engine rotation speed and the origin of the 
Natural Gas. 
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1. Introduction  
Nowadays, air pollution is presented as a serious threat to the planet. The concentration of gases 
from anthropogenic activities, such as transport cause consequences ranging from local to global scale, 
affecting the climate, the environment and the human health.  It is necessary to detect and monitor of a 
large number of gas species emitted by these sources of pollutants. The different forms of atmospheric 
pollution,  acid rain,  photochemical smog and global warming are strongly related to the concentration 
increase of certain gas species in the atmosphere [1-13]  The transport sector significantly produces 
atmospheric pollution. The methane is the main constituent of Vehicle Natural Gas (> 85 %).  This is one 
of the most extensively used fossil fuels both in energy generation in thermoelectric plants and in VNG 
powered transports. In 1980, there were great oil and natural gas discoveries in the Rio de Janeiro state 
basin, which led to greater use of natural gas use in automotive vehicles in Brazil. Therefore, the 
Brazilian government created a national program to encourage the use of VNG in car transports all over 
the country. As a consequence, there have been many engine conversions from gasoline to VNG and, at 
present there are about 1,541,364 VNG powered vehicles in Brazil.  
In this context, this paper evaluates the gas emissions from the exhaust of VNG powered taxis in 
Campos dos Goytacazes city located in northern Rio de Janeiro state. These taxis produce large amounts 
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of pollutant chemical species generated from incomplete fossil fuel combustion. Measurements of 
methane and carbon dioxide from the exhaust of those automobiles have shown by the authors of this 
article [15], that they emit considerable amounts of these gases (greenhouse gases).  
These vehicles are used in urban transport and produce a large amount of other pollutants gases, 
such carbon monoxide (CO), nitrogen oxide (NOx) and sulfur dioxide (SO2), (acid rain generators) [12-
13]. CO is not considered a direct greenhouse gas, however it is able to modulate the production of 
methane and tropospheric ozone [20-28], and also to produce volatile organic compounds (VOCs) as 
ethylene (C2H4) [35-37], which can trigger serious respiratory and cardiovascular problems [16-19, 29-
34].  It is well known that C2H4 is one of the most reactive pollutant since it is an organic compound with 
a double bond between two carbon atoms [38]. Then for this reason, this chemical species is a precursor 
for the generation of the tropospheric ozone, a gas which is present in the photochemical smog that 
affects directly the human health [39,40]. Besides it is a powerful greenhouse gas, whose formation is 
greatly regulated by the incidence of sun radiation and the presence of nitrogen oxide (NOx) [40-43]. 
According to the Intergovernmental Panel of Climatic Changes (IPCC) [2], ozone presents a positive 
radiative forcing of about 0.35 W/m2, and it is therefore an important source of global warming. Other 
species, such as N2O and CH4, have positive radiative forcing of about 0.16 W/m2 and 0.48 W/m2, 
respectively. The tropospheric ozone is present in the largest cities in all word and its generation is 
associated with the emissions of VOCs by the urban and cargo transports, with a significant contribution 
from ethylene. The methodologies based on the photo thermal techniques, mainly the CO2 laser 
photoacoustic spectroscopy, have suitable characteristics for the detection of trace gases (ethylene). A 
trace sensor of atmospheric pollutants must meet a set of fundamental requisites. High selectivity is 
necessary to distinguish the gas species present in a multi-component gas mixture, such as air, as long as 
a high sensitivity is essential for the detection of very low concentrations of the substances. A large 
dynamic range is important for monitoring the gas components at high and low concentrations with the 
same instrument. In addition, a good time resolution ensures the possibility of on-line analyses controlled 
by the computer. The photoacoustic technique is widely used in the detection of several gases in the 
concentration range of ppbV and sub-ppbV [44-54]. 
This methodology is based on the generation and detection of pressure waves (sound) inside a 
resonant cell, where the gas samples are placed. These samples are exposed to the incidence of modulated 
radiation, absorbing it at determined wavelengths. The resonant absorption of radiation generates a 
modulated heating of the sample and, this way, a sound signal is produced and detected by highly 
sensitive microphones, inside the cell. These microphones convert this sound signal into an electric 
signal, which is filtered and amplified by a Lock-In amplifier. In this work, we were able to achieve a 
detection limit in the ppbV range for ethylene and to use, for the first time in Brazil, the laser 
photoacoustic spectroscopy to detect and monitor ethylene concentrations emitted by VNG powered 
engines in the ppmV range. Sensors based on electrochemical principles were used to detect and monitor 
gases as nitrogen oxide (NOx), carbon monoxide (CO) and sulfur dioxide (SO2), concentrations emitted 
by VNG powered engines in the ppmV range. 
2. Methodology 
Taxis (cabs) were studied because of the high turnover of their use and, consequently, because of 
the production of a great volume of pollutants.  The vehicles were stopped: no load, no heating. The gas 
samples were collected from the exhaust of ten VNG powered taxis of different labels, models and 
manufacturing years in Campos dos Goytacazes city and they were stored in previously evacuated 
canisters (metallic containers) shown in figure 1. We then took these to the laboratory and coupled them 
to our gas analyzer. All the measurements and the sample collection were made at room temperature. All 
the data acquisition from the gas samples was made  with  flux and the canister was kept connected to the 
instrument photoacoustic cell inlet. We used filters to remove the particulate matter larger than 2 μm. We 
performed this collection in two sequences for each taxi: the first one, with the engine turned on and 
without acceleration, i.e., 1000 rpm of rotation speed and the second one, with the vehicle engine turned 
on and with acceleration, i.e., 3000 rpm of rotation speed. 
In Brazil, legislation [55] requires the use of a methodology (protocols) to evaluate the vehicular 
emissions in two running regimes of the engines: low and high rotation speeds. The vehicles are 
scrutinized every year according to governmental criteria that regulate transport in the country. We 
choose this type of methodology, because it is adopted by the Brazilian authorities, according to 
CONAMA resolution. Furthermore, the experiment was done in real time by direct measurements of the 
vehicles, not in laboratory conditions͘ The sample collections were also performed in five taxis converted 
to VNG with different brands, models and years of manufacture were analyzed photo-acoustic method. 
We used also others five different taxis converted to VNG   with different brands, models and years of 
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manufacture were analyzed by electrochemical sensors. 
 
 
 
Figure 1: The sample collector canister. 
 
The gas samples were analyzed with a technique based on the photoacoustic method. The figure 
2 shows the experimental utilized setup. In conventional absorption spectroscopy, the absorption of the 
radiation power transmitted through the sample is measured. On the contrary, in photoacoustic 
spectroscopy, the absorbed power is determined directly via its heat and hence the sound produced in the 
sample. Actually several laser-based methods have been reported because they are much more sensitive, 
as for instance photoacoustic and cavity-ring-down [56,57]. Photoacoustic spectroscopic methods offer 
important advantages with respect to contaminant gas monitoring. This technique is based on pressure 
changes around the sample, which is induced by vibrational-rotational excitation of molecules and, 
subsequent, relaxation by collisions (heat). The pressure change is detected by one or more microphones 
placed inside a resonator pipe of a resonant photoacoustic cell (Figure 3) through which the air sample, 
containing the molecules under consideration was flown. An acoustic signal is produced at the resonance 
frequency of about 2400 Hz of our resonant cell, by a chopper modulation of the excitation laser beam. 
This resonance frequency value corresponds to the first longitudinal vibration mode. Our photoacoustic 
resonator is 67 mm long and has 18 mm of diameter.  
 
 
Figure 2: Scheme of the photoacoustic experimental setup. 
 
This value for the resonance frequency, as well as the Q-factor (Q = 24.7), of the resonant 
photoacoustic cell were obtained performing a photoacoustic signal sweep with the modulation chopper 
frequency between 1.0 kHz and 3.5 kHz. This measurement was carried out using a certified gas mixture 
of ethylene 1.1 ppmV in N2 flowing into the cell at a rate of 5 l/h. This acoustic signal is detected by a 
microphone that generates an electric signal. This electric signal is, in turn filtered and amplified by a 
Lock-In amplifier (Stanford SR 850). The Lock-In response is registered in a microcomputer. A 
continuous wave CO2 infrared laser (Lasertech Group Inc., – LTG, model LTG150 626G), tuneable over 
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about 70 different lines between 9.2 and 10.6 ȝm and delivering a power of 1.9W at the emission line 
10P(14), was employed as the excitation source. At this power level, it was not observed saturation 
effects of the photoacoustic signal. These lines can be swept by a step motor controlled by the 
microcomputer. Within this spectral region many small molecules show a unique fingerprint. The 
photoacoustic instrument used in this work has been developed for gas detection at small concentrations. 
All the measurements and the sample collection were made at room temperature.  
 
 
 
Figure 3: Diagram showing the design of the resonant photoacoustic cell used. 
The measurements in this work were performed with multicomponent gas samples as one would 
expect of samples collected from the ambient air, vehicle exhausts, etc. Therefore the analysis of these 
samples was made for a number of n different species, rather than just one. This was accomplished by 
measuring the photoacoustic (PA) signal (S) at a set of wavelengths λi (i = 1, 2, ......, m) chosen on the 
basis of the absorption spectra of the individual components to be detected. These individual absorption 
spectra were obtained from the HITRAN-PC database [58], which calculates the absorption cross sections 
(σ). The experimental absorption spectra of a gas sample can be obtained from a sweep of a step motor 
controlled by a microcomputer. Thus, the expression used to determine the concentrations of a given 
component in the sample is:   
 
 
Here, P(λ) represents the laser power at wavelength λ and c is the concentration of the gas 
component with absorption cross section σ at λ. Ntot is the total number density of molecules in the 
mixture and was considered to be typically ~ 1019 cm-3
  
[59]. The absorption cross section σ is related to 
the photoacoustic generation efficiency of each gas component for each CO2 laser line. The constant C is 
the so-called cell constant and it depends, as well as the detection sensitivity, on the cell geometry, the 
microphone responsivity and on the nature of the acoustic mode [59,60].  
The calibration and sensitivity measurements of our photoacoustic cell were performed by obtaining 
the cell coupling constant C in the Eq.1. This was carried out by taking a 1.1 ppmV certified mixture of 
ethylene in N2 and diluting it in nitrogen until the least detected concentration of (about 16 ppbV), as 
shown in  figure 4. Thus, a calibration curve relating the normalized PA signal (SN = S/P) and the 
ethylene concentration could also be obtained. As this function has a linear behavior we can extend this 
linearity to ppmV levels.  
The absorption cross section σ of ethylene is well known at the 10P(14) (k = 949.51cm-1) CO2 laser 
line (σ = 170 × 10-20 cm2). Hence, the C constant value was then obtained from the eq. (1), which yielded 
40.2 V.cm/W. The unity of the cell coupling constant was furnished by the manufacturer of our 
photoacoustic cell (Prof. Markus W. Sigrist).  
The electrochemical sensors shown in figure 5 are composed of a sensing electrode, a counter 
electrode, a reference electrode and a reagent electrolyte inserted between the electrodes. Furthermore, a 
barrier permeable to gas, also known as hydrophobic membrane, must cover the sensor to avoid the entry 
of undesirable gases and water, and to control the amount of gaseous molecules that reach the electrode 
surface.  
ireftotii cNPCS σ.= (1) 
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Figure 4: Calibration curve for ethylene (detection limit). 
 
 
Figure 5: Detection scheme of an electrochemical sensor. 
 
When the gas enters the sensor, it will react with the electrodes undergoing a process of 
oxidation-reduction. As the electrodes are connected to a resistor, an electric current is generated between 
the cathode and the anode. The current generated is proportional to the concentration of gas [61,62].  The 
Electrochemical Analyzer Tempest premised the detection of CO, NOx and SO2 from the exhaust of VNG 
powered vehicles the measurements were performed directly in the exhaust of these vehicles due to the 
portability of this equipment. 
3. Results and discussions  
The photoacoustic (PA) measurements performed in this work (Figures 4, 5) cleary show that 
our resonant PA cell has an excellent performance, with a low electronic noise level (less than 40 mV) 
and a great stability in its resonant frequency around 2400 Hz, as well as a considerable linearity of the 
PA signal when diluting the ethylene in N2. The CO2 laser emission line 10P(14), which is the strongest 
ethylene absorption line, was used for these measurements and we did not detect any interference of the 
ethylene signal with peaks belonging to other species such as water vapor and CO2. This is due to the fact 
that we have used filters for water and carbon dioxide in our experiments and the absorption coefficients 
for these chemical species in the CO2 laser wavelength range are very small. With those calibrations, it 
was possible to detect ethylene in the 16 ppbV range, as this function has a linear behavior we can extend 
this linearity to ppmV levels. Therefore, PA spectroscopy revealed itself as a very precise and sensitive 
technique, since it was able to detect ethylene. Table 1 lists the cars from where the gas samples were 
collected for the detection of ethylene. Five vehicles were chosen to illustrate the feasibility of the 
photoacoustic technique to detect concentrations obtained in the range from 12.8 ppmV to 144.6 ppmV of 
ethylene for operation regimes of the engines (high and low) figure 6. Production of ethylene in the 
exhaust of VNG vehicles, is probably due to the presence of ethane up to 10% in the composition of this 
gas, accepted by the current Brazilian legislation [63].  
The important fact is that as the rotation speed of the engine increases (acceleration) the bus 
emits more ethylene gas, except for the vehicles 2 where there was not a significant difference between 
the ethylene emission in the accelerated and in the non-accelerated regimes. Table 2 lists cars from where 
the gas samples were collected from the exhausts of all the cars contained. Five vehicles were chosen to 
illustrate the feasibility of the electrochemical sensors detect concentrations. The electrochemical sensors 
have proven successful in the detection of carbon monoxide, nitrogen oxide and sulfur dioxide and the 
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results are shown in Figures 7, 8 and 9.  
 
Table 1 – Vehicular Models 
 
1.Corsa 2001 1.0 
2.Astra 2009 2.0 
3.Monza 1995 2.0 
4.Monza 1996 2.0 
5.Palio 1999 1.0 
 
 
Figure 6: Ethylene emissions. 
 
Table 2 – Vehicular Models 
 
1. Santana 2001 2.0 
2. Parati 2002 1.6 
3. Uno 1997 1.0 
4. Santana 2002 1.8 
5. Corsa 2004 1.8 
 
 
Figure 7: Carbon monoxide emissions. 
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Figure 8: Nitrogen oxides emissions. 
 
Figure 9: Sulfur dioxides emissions. 
 
Concentrations were obtained in the range from 103 a  21352 ppmV of carbon monoxide,  0 a 
268 ppmV of nitrogen oxides and  0 a 1348 ppmV sulfur dioxide  both within the operating ranges of the 
engines (high and low). In fact, analysing the vehicles (taxi cabs) that we studied indicates that many 
factors can contribute to the amount of polluting gases emitted by their VNG-powered engines.  These 
include the year of manufacture, different brands and models, engine power, engine conversion to VNG, 
fuel quality, as engine regulating and maintenance. Nevertheless, there were in a general way, great 
emissions ethylene (C2H4), carbon monoxide (CO), nitrogen oxides (NOx) and sulfur dioxide (SO2) of the 
ppmV range for all the vehicles investigated.  
This type of experiment is intended to show flaws in Brazilian law, because in Brazil, there are 
5500 cities and few of them have vehicle inspection. It was not possible to make various measurements in 
each car, because the drivers did not have much time to wait, so we use the randomness: several cars in 
different conditions were measured. Thus, we have difficulty to make statistical analysis, since we had an 
unique measurement of each vehicle. 
The results of this research indicate the necessity of a renewal program of the in Brazil, because 
it is a country with a huge territory and with a great number of vehicles uses powered by natural gas 
(1,541,364 vehicles), make the atmospheric pollutant emissions worse.  We can perceive the great 
environmental problem produced. It means that there can be a possible increase of the emission of the 
ethylene and nitrogen oxides gas into the atmosphere. Since Brazil is a tropical country with strong 
sunstroke all over the year, the ethylene emission by will contribute to increase the tropospheric ozone 
formation in the Brazilian cities. Another problem is the lack of a specific legislation for some pollutant 
gases, since the present legislation is only concerned with the total amount of emitted hydrocarbons and, 
this way, it does not discriminate some important pollutants such as ethylene. However the VNG-
powered vehicles are considerable sources of gases tropospheric ozone gas generators (greenhouse gases), 
acid rain and hazardous to human health. 
Hence in a big city where there is much traffic congestion and, consequently, the car engines are 
at low rotation regimes, there will be great emissions of gases as was shown by our research. Therefore, 
our research is an attempt to alert the Brazilian authorities. It is necessary to improve the present legal 
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arrangements so as to reduce the emissions of pollutant gases. 
4. Conclusion 
 We have presented here original photoacoustic measurements of ethylene, and electrochemical 
sensors measurements of carbon monoxide, nitrogen oxide and sulphur dioxide emitted by taxicabs. To 
indicate a need for revision of Brazilian law, so that we may discriminate between gas species emitted by 
vehicle natural gas engines. There is a need to improve research into and development of new 
technologies for construction and conversion of engines that will be powered by VNG.  Brazil is a huge 
country in area and population. This increases the problem of the spatial distribution of atmospheric 
pollution, both in the smaller cities and in the bigger urban centres.  
There are a great number of taxis and private vehicles powered by VNG all over Brazil, but 
mainly in the big cities. Therefore, a more comprehensive study is needed so that one may make a more 
complete environmental evaluation of the gas emissions from vehicles in Brazil. Those pollutant gases are 
precursors of the troposphere ozone production, this latter species is an important greenhouse gas. The 
reduction of greenhouses gases is an urgent environmental problem.  
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